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Counts of samples analysed for the different ESEA regions surveyed.

Region

‘ Provinces
WKH W Cambodia  Pailin, Pursat, Battambang 518
NKH N Cambodia Preah Vihear 126
NEKH NE Cambodia Stung Treng, Ratanakiri 280
NETH  NE Thailand Sisaket 41
LA Lao PDR zi\;a::szr:ft, Salavan, Sekong, Attapeu, 250
M vemsm S otk ok teng S |
Total 1673




Sample numbers included in main analysis, broken down by country and year.
The regions and their symbols are detailed on pages 1 and 5, and displayed on a map on page 3.
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Distribution by region of 1,673 samples in the three analysed periods.
Markers are coloured by region, and their size reflects the number of samples (shown in the labels below each marker).
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Haplotypes surrounding the plasmepsin-Il and plasmepsin-Iil loci for PLA1 samples (A) and non-
PLA1 samples (B).

Each row represents a sample, and each column represents a single SNP variant. Cells are coloured
white for the reference allele (same as 3D7 reference sequence) and black for non-reference allele.
The red lines enclose SNPs in the two plasmepsin genes. The presence of a single shared haplotype
surrounding these loci is consistent with a single epidemiological origin of the genetic background on
which the amplification arose.
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Proportion of KEL1/PLA1 parasites per year in each ESEA region.
Absolute numbers of samples are shown in parenthesis. Dashes indicate that no samples were
available in our dataset for that region/year combination.

Year W Cambodia N Cambodia NE Cambodia NE Thailand Lao PDR Vietnam
2007 0% (0/6) - 100% (1/1) - - -

2008 15% (11/74) - - - - -

2009 41% (9/22) - - - 0% (0/9)
2010 23%(19/82) - 0% (0/33) - 0% (0/30) 0% (0/54)
2011 39% (47/121) 0% (0/55) 0% (0/49) 0% (0/4) 0% (0/31) 0% (0/75)
2012 58% (28/48) 8% (3/38) 0% (0/18) 0% (0/11) 0% (0/18) 0% (0/20)
2013 56% (20/36) 27% (6/22) 14%(1/7) 0% (0/2)
2014 72% (18/25) 80% (4/5) 6% (1/18) - - -

2015 84% (21/25) 100% (1/1) - 100% (7/7) 0% (0/7) -

2016 78% (28/36) 100% (5/5) 47%(39/83) 100% (1/1) 0% (0/3) 69% (34/49)
2017 68% (28/41) - 60% (41/68)  88% (14/16) 20% (32/161) 51% (128/251)
2018 100% (2/2) - 67% (2/3) - - -



Frequency of parasites with KEL1 and PLA1 haplotypes in the periods 2010-2011 and 2016-2017,
corrected for sampling heterogeneity.

For each time period, we show median haplotype frequency (with interquartile range, IQR) estimated
from 50 randomly selected samples from each region (except northeast Thailand and north Cambodia,
for which sample size was insufficient), repeated for 100 iteration.

Haplotype status 2010-2011 2016-2017

ACIUCL R L (79.42%%?79%) (26.95‘:;(-)2?.97%)
PLA1 only (0.52%2,93?55%) (3.63;1-84?67%)

KEL1 only (8,29;'?71?_42%) (13.921;'?51?.21%)
KEL1/PLA1 (7_73;%8;/? 38%) (50.03;;.??;?.42%)



Frequency of KEL1/PLA1 parasites in the periods 2010-2011 and 2016-2017 for different ESEA
regions, corrected for sampling heterogeneity.

For each time period, we show median haplotype frequency (with interquartile range, IQR) estimated
from 50 randomly selected samples from each region (except northeast Thailand and north Cambodia,
for which sample size was insufficient), repeated for 100 iteration.

Region 2010-2011 2016-2017

. 34.00% 74.00%
W Cambodia
: (31.25%-37.62%)  (71.43% - 75.63%)
. 0.00% 56.25%
NE Cambodia
(0.00% - 0.00%) (52.15% - 61.34%)
s 0.00% 20.00%
(0.00% - 0.00%) (18.00% - 22.45%)
. 0.00% 56.83%
Vietham
(0.00% - 0.00%) (52.84% - 60.96%)



Low haplotype diversity in KEL1/PLA1 parasites.

Boxplots show the distribution of haplotype diversity measures in rolling 100-SNP windows with 50-
SNP overlaps along the whole genome for populations of KEL1/PLA1 (red, left) and non-KEL1/PLA1
(blue, right) parasites in the different regions studied. Haplotype diversity is the proportion of SNP
windows that have at least 1 SNP difference between samples, where zero means all SNP-windows
are identical and 1 means all have at least 1 SNP difference. Thick lines represent median values, boxes
show the interquartile range, whiskers represent extremes of the distribution discounting outliers.
Pairwise comparisons between the KEL1/PLA1 and non-KEL1/PLA1 groups for each region were all
statistically significant with Bonferroni correction for multiple comparisons (P<107®, Mann-Whitney U

test).
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High degree of similarity among KEL1/PLA1 parasites, regardless of geographical origin.
Principal Component Analysis (PCoA) based on genetic distance, coloured by country (A) and
KEL1/PLA1 status (B). Genetic distances were calculated with correction for linkage disequilibrium and

minor allele frequency cutoff of 1%.
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Histogram of pairwise genetic distances for KEL1/PLA1 samples, with lower quartile (used to
define related subgroups) marked.
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Haplotype diversity in KEL1/PLA1 subgroups.

Boxplots show the distribution of haplotype diversity in different parasite groups, measured in rolling
100-SNP windows with 50-SNP overlaps along the whole genome . Haplotype diversity is the
proportion of SNP windows that have at least 1 SNP difference between samples, where zero means
all SNP-windows are identical and 1 means all have at least 1 SNP difference. Thick lines represent
median values, boxes show the interquartile range, whiskers represent extremes of the distribution
discounting outliers.
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KEL1/PLA1 family tree, geo-temporal distribution and crt alleles.

(A) Dendrogram of genetic distances within all 551 analysed KEL1/PLA1 samples across ESEA, identical
to that shown in Figure 3. The six largest subgroups are highlighted and labelled. Colour bars indicate
sampling region (B), year (C) and the presence of any Newly Emerging Alleles in crt, as defined in main
text (D). Pairwise genetic distance is expressed in an arbitrary unit which is a function of the number
of genetic differences observed among variant SNPs in this dataset between pairs of samples, after
correcting for linkage disequilibrium and heterozygous genotypes.
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Characteristics of identified KEL1/PLA1 subgroups.
For each of the subgroups containing at least 5 samples, we show its distribution by region (left), year of sampling (middle) and crt haplotype (right). Parasites
classified as “undetermined” in the latter section had insufficient coverage of the crt gene to determine their haplotype reliably or had ambiguous (het) calls.

Region Collection year crt haplotype
Subgroup
NKH NEKH NETH LA VN 2007-2011 2012-2015 2016-2018 T93S | H97Y | F1451 | 1218F | No NEA Undetermined
1 5 13 0 1 54 0 9 75 77 1 2 0 1 3
p 2 4 3 6 51 7 4 68 23 0 0 50 0 6
3 1 9 10 7 19 0 6 41 1 0 41 4 0 1
4 0 0 0 0 0 33 3 0 0 0 0 0 35 1
5 0 19 0 0 4 0 0 24 0 0 0 0 24 0
6 0 0 0 0 0 7 12 0 0 0 0 0 19 0
7 0 9 1 3 4 0 0 17 7 0 2 0 6 2
8 0 0 0 3 11 0 0 14 13 0 0 0 0 1
9 0 0 3 8 1 0 2 11 0 0 0 13 0 0
10 1 0 0 0 0 0 8 4 0 1 0 0 10 1
11 1 1 1 0 0 1 10 1 0 12 0 0 0 0
12 0 0 0 0 0 1 6 5 0 0 0 1 11 0
13 0 0 0 0 0 0 8 3 0 0 0 0 10 1
14 0 1 2 0 0 0 1 9 0 0 0 0 10 0
15 5 1 0 0 1 2 4 4 2 0 0 1 5 2
16 0 0 1 0 0 0 6 3 0 9 0 0 0 0
17 0 0 0 0 7 0 0 8 2 5 0 0 0 1
18 3 0 0 0 0 2 5 0 0 0 0 0 7 0
19 0 5 0 0 0 0 0 5 4 0 0 0 1 0
20 0 0 0 0 0 4 1 0 0 1 0 0 4 0
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Variations in frequency of crt mutations between the periods 2010-2011 and 2016-2017,
corrected for sampling heterogeneity.
For each time period, we show median mutation frequency (with interquartile range, IQR) estimated
from 50 randomly selected samples from each region (except northeast Thailand and north Cambodia,

for which sample size was insufficient), repeated for 100 iteration. Mutations labelled as “NEA” are

those absent in the first period (frequency < 1%) and increased by >5% in the second period. Mutations
below 1% frequency in at least one period were disregarded.

crt variant

Frequency in
2010-2011
91.96%
(91.00% - 92.50%)
75.91%
(73.85% - 77.61%)
89.06%
(87.92% - 90.01%)
91.96%
(91.00% - 92.50%)
0.00%
(0.00% - 0.00%)
1.00%
(0.50% - 1.50%)
0.00%
(0.00% - 0.50%)
25.50%
(24.50% - 26.80%)
0.00%
(0.00% - 0.00%)
25.51%
(24.37% - 26.78%)
27.23%
(25.87% - 28.27%)
0.77%
(0.51% - 1.04%)
91.69%
(90.76% - 92.31%)
91.96%
(91.00% - 92.50%)
1.01%
(0.50% - 1.51%)
38.61%
(37.41% - 39.45%)
25.38%
(24.37% - 26.67%)
0.00%
(0.00% - 0.00%)
1.01%
(0.50% - 1.50%)
39.45%
(38.39% - 40.42%)
66.50%
(65.25% - 68.25%)

Frequency in
2016-2017
97.24%
(96.50% - 97.99%)
79.67%
(75.49% - 84.80%)
96.95%
(96.15% - 97.73%)
97.24%
(96.50% - 97.99%)
19.75%
(18.00% - 21.39%)
11.20%
(10.41% - 11.87%)
1.71%
(1.13% - 2.27%)
10.83%
(9.60% - 12.31%)
5.54%
(4.54% - 6.57%)
10.86%
(9.71% - 12.31%)
15.31%
(13.73% - 17.64%)
11.14%
(9.99% - 12.20%)
97.34%
(96.68% - 97.98%)
97.27%
(96.57% - 97.93%)
0.51%
(0.00% - 1.02%)
76.49%
(74.35% - 77.96%)
11.08%
(9.88% - 12.53%)
2.26%
(2.00% - 2.75%)
4.52%
(4.50% - 5.03%)
77.27%
(75.00% - 78.50%)
86.36%
(84.91% - 87.94%)

Frequency
Change
5.49%
(4.48% - 6.27%)
4.40%
(-0.93% - 9.36%)
7.86%
(6.67% - 9.02%)
5.49%
(4.48% - 6.27%)
19.75%
(18.00% - 21.39%)
10.25%
(9.16% - 11.23%)
1.70%
(1.12% - 2.27%)
-15.02%
(-16.34% - -13.29%)
5.54%
(4.54% - 6.57%)
-14.89%
(-16.27% - -13.13%)
-11.80%
(-13.73% - -9.15%)
10.28%
(9.15% - 11.35%)
5.74%
(4.72% - 6.48%)
5.44%
(4.38% - 6.22%)
-0.50%
(-1.00% - 0.00%)
38.03%
(35.96% - 40.01%)
-14.75%
(-15.89% - -12.82%)
2.26%
(2.00% - 2.75%)
3.99%
(3.02% - 4.50%)
37.66%
(35.85% - 39.53%)
19.46%
(17.83% - 21.94%)

NEA

NEA

NEA

NEA
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Association of crt alleles with specific genetic backgrounds.

Each column represents a circulating mutation in the crt gene, and each row represents a genetic
background, as mentioned in the main text. Each cell is coloured according to the frequency of the
mutation (column) in parasites that carry the specified haplotype (row). NEAs arise on a genetic
background comprising the chloroquine resistant CVIET haplotype, the additional mutations at
positions 326 and 356, and the KEL1/PLA1 haplotype. Three other mutually exclusive crt alleles found
at lower frequencies than the NEAs (H97L, M343I| and G353V) were also associated with the same
genetic background as the NEAs, though H97L only occurred in non-PLA1 parasites.

CVIDT (crt 75D)

CVIET (crt T5E)
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#2205
Q271E
NTSE
R371I
N75D
A144F
L1481
11947
13335
[356T
N3265
T935
HOTY
F1451
1216F

KEL1/PLAL

oo 02 04 08 o8 1.0
Conditional frequency of the allels (column) on the haplotype (row)
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Haplotype diversity in parasites with crt Newly Emerging Alleles.

Boxplots show the distribution of haplotype diversity in parasites possessing different crt Newly
Emerging Alleles, and parasites without NEAs, measured in rolling 100-SNP windows with 50-SNP
overlaps along the whole genome (A) and just chromosome 7 (B), where crt is situated. Haplotype
diversity is the proportion of SNP windows that have at least 1 SNP difference between samples,
where zero means all SNP-windows are identical and 1 means all have at least 1 SNP difference. Thick
lines represent median values, boxes show the interquartile range, whiskers represent extremes of
the distribution discounting outliers. Pairwise comparisons between “no NEA” and each NEA groups
were all statistically significant with Bonferroni correction for multiple comparisons (P<107%, Mann-
Whitney U test).
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Haplotype frequency plots (above) and extended haplotype homozygosity (EHH, below) along

the flanking regions of crt on chromosome 7
Samples are from each of the following allele groups: no NEA (A), T93S (B), H97Y (C), F145I (D) and
1218F (E). The colours have no specific meaning and simply depict different haplotypes.
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Haplotypes across 200KB surrounding the crt locus on chromosome 7

Samples are shown for each of the following allele groups: no NEA (A), T93S (B), H97Y (C), F145I (D)
and 1218F (E). All mutant samples are included for the NEAs (panels B-E), and a randomised subset of
100 no-NEA samples is shown in Panel A. Black represents non-reference alleles and white is
reference. SNPs bordering the crt gene are marked in red.
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